IV] (abbreviated as bldA) and two randomly selected cross-over mutants (abbreviated X1 and X2) are indicated. M = DNA marker. Three pairs of primers were used to amplify sequences at the cross-over site (summarized in Fig. 5A of the main text). Lanes 1-3: Amplification of the expected 2.3 kb sequence from S. calvus att:: [bldA, aac(3) IV] and two randomly selected cross-over mutants using primers 1 and 2. These primers anneal to sites that are common to S. calvus att:: [bldA, aac(3) IV] and the cross-over mutants, thus the same PCR product is expected in each case. Lanes 4-6: Amplification of the expected 3.2 kb sequence from S. calvus att:: [bldA, aac(3) IV] using primers 1 and 3. These primers flank the cross-over site and are not expected to efficiently amplify a PCR product from the mutants due to the large size of the insertion. Lanes 7-9: Amplification of the expected 3.3 kb sequence from the cross-over mutants using primers 1 and 4. These primers target sites outside and within the cross-over mutation, therefore a product is expected only for the cross-over mutants. - 
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Streptomyces coelicolor M145
Glycomyces sp. WAC1371 control 50 µg annimycin
SUPPLEMENTAL METHODS
Media and antibiotics used for the cultivation of S. calvus Tryptone / peptone, yeast extract, meat meal, agar, and tryptic soya broth (TSB) were obtained from Roth. Malt extract was from BD Bacto. Soya flour (Hensel Vollsoja) was purchased from a local grocer. The following media were used for cultivating S. calvus (values are for 1 L): mannitol-soyaagar (MS-agar) (7 g D-mannitol, 7 g soya flour, 14 g agar, 10 mL of 1 M MgCl 2 ), SG media (20 g Dglucose, 10 g soya flour, 2 g CaCO 3 , 2.3 g L-valine, 1 mL of 0.1% (w/v) CoCl 2 ), MYGlc media (10 g malt extract, 4 g yeast extract, 4 g D-glucose), Patent (10 g dextrin, 10 g tryptone / peptone, 2 g NaCl, 2 g (NH 4 ) 2 HPO 4 , 1.5 g KH 2 PO 4 , 0.5 g K 2 HPO 4 , 0.25 g MgSO 4 ·7H 2 O). The pH of all media was adjusted to 7.2 (HCl / NaOH) prior to autoclaving. With the exception of MS-agar, 5 mL of sterile filtered 1 X trace element solution was added to all media following autoclaving. A 20 X stock of trace element solution, adopted from Kieser (Kieser et al., 2000; Zuker and Stiegler, 1981) Sequencing the genome of S. calvus S. calvus (ATCC 13382) genomic DNA was isolated using a salting out procedure (Kieser et al., 2000) . Briefly, cells from 50 mL of culture were resuspended in 5 mL lysis buffer (Qiagen DNAeasy kit, Valencia) and 5 mL SET buffer (Kieser et al., 2000) . The cells were homogenized with a glass homogenizer, pelleted by centrifugation and resuspended in 10 mL SET buffer. 2.5 mg/mL lysozyme was added to the cell suspension followed by incubation at 37°C for 60 minutes. 4 mg proteinase K and 600 µL of 10% SDS was added to the emulsion and incubated at 55°C for ~2 hours. 5 mL of 5M NaCl was added and mixed thoroughly by inverting the tube. Chloroform (10 mL) was added and incubated at room temperature on a rocking platform for 30 minutes. The solution was centrifuged at 4150 rpm for 15 min and the upper aqueous phase was transferred to a 50 mL falcon tube. 0.6 volumes isopropanol was added and mixed by inversion to precipitate the DNA. Genomic DNA was spooled using a sealed Pasteur pipette and washed in 70% EtOH. After air drying the DNA was dissolved in 200-500 µL Tris-EDTA buffer. The gDNA yield and quality was assessed using a NanoDrop spectrophotometer and submitted for library preparation and sequencing on the Roche 454 pyrosequencer. Raw sequence data was assembled using MIRA software (6 passes) (Chevreux et al., 1999) and refined using Geneious Pro version 5.5.3 (Drummond et al., 2011) .
Cloning of the S. coelicolor bldA gene in replicative and integrative expression plasmids A 434 base pair sequence containing the bldA gene was amplified from S. coelicolorA3(2) genomic DNA using Pfu DNA polymerase (Promega) and the primers 5'-ATCGATAAGCTTCCCGTCATTCCGCATACAGC-3' and 5'-ACTAGTGGATCCGCAGGACGAAAGCCCATACC-3' (HindIII and BamHI recognition sites are underlined, respectively). The bldA PCR product was digested with HindIII and BamHI then ligated using T4 DNA ligase into the corresponding sites of the bifunctional E. coli -Streptomyces plasmid pUWL_oriT_aac, yielding pUWL_bldA. This replicative plasmid, a derivative of pIJ101 (Higo et al., 2011; Kieser et al., 2000) , encodes resistance to apramycin. Expression of the bldA gene is under control of the ermE* promoter sequence (Bibb et al., 1985; Fedoryshyn et al., 2008) , with the exception that five base pairs are missing from the 3' end. A second PCR was performed to amplify the bldA gene using the primers 5'-GATATCGGATCCCCCGTCATTCCGCATACAGC-3' and 5'-CTTTAAGAATTCGCAGGACGAAAGCCCATACC-3' (BamHI and EcoRI recognition sites underlined, respectively). The 434 base pair product was digested with BamHI and EcoRI and ligated into the same sites of pTESa, yielding pTESa-bldA. This plasmid, a derivative of pSET152, (Herrmann et al., 2012) has an attP sequence and encodes φC31 integrase, allowing for integration of the plasmid into Steptomyces genomes at attB sites. pTESa-bldA also encodes apramycin resistance and expression of bldA is under control of the rpsL promotor sequence.
Intergeneric transfer of pTESa-bldA and pUWL-bldA from E. coli to S. calvus Preparation of acceptor cells. S. calvus was grown on MS-agar for 4-5 days. A colony from this plate was used to inoculate 25 mL tryptic soy broth in a 100 mL baffled Erlenmeyer flask with a foam bung. The culture was incubated at 28°C for 2 days at 180 rpm. One mL of this culture was used to inoculate 25 mL of TSB in a second flask, which was then incubated overnight along with the first. The cultures from the two flasks combined and 15 mL of this mixture was centrifuged in a 50 mL Falcon tube (4000 ×g). The resulting cell pellet was washed twice, via re-suspension and centrifugation, with 50 mL TSB, and then re-suspended in 10 mL TSB. Aliquots (700 µL) of the cells were divided in four 2 mL Eppendorf tubes.
Preparation of donor cells.
Chemically competent E. coli ET12567 / pUZ8002 were transformed with either pTESa-bldA or pUWL-bldA by heat shock then grown on LB-agar supplemented with 50 µg / mL kanamycin and 50 µg / mL apramycin. Single colonies were used to inoculate two 300 mL baffled shake flasks containing 50 mL LB, 50 µg mL -1 kanamycin, and 50 µg mL -1 apramycin, which were subsequently incubated at 37°C, 180 rpm, for 15 hours. Each culture was transferred to a 50 mL Falcon tube, centrifuged (4000 ×g) and the resulting pellets washed 2 times each, via re-suspension and centrifugation, with 15 mL TSB. Each cell pellet was re-suspended in 500 µL TSB then transferred to a 2 mL Eppendorf tube containing S. calvus cells prepared as described above.
Mating of donor and acceptor cells. Duplicate tubes containing donor and acceptor cells were mixed thoroughly by pipetting then transferred to two MS-agar plates containing 10 mM MgCl 2 . After spreading the cells on the solid medium and allowing the surface to dry, the plates were incubated at 28°C for 8 hours. The surface of each plate was flooded with 1 mL of sterile water containing 1.25 mg mL -1 apramycin and 5 mg mL -1 phosphomycin. As a control a plate of S. calvus cells, prepared as above but not mixed with donor cells, was likewise flooded with the apramycin / phosphomycin solution. After allowing the surface of each plate to dry the plates were incubated at 28°C for 4 days. Exconjugants derived from the replicative plasmid (S. calvus / pUWL-bldA) or integrative plasmid (S. calvus att:: [bldA, aac(3) IV]) typically exhibited white spores at this time. These were selected for growth on a new plate of MS-agar supplemented with apramycin and phosphomycin. Finally, the exconjugants corresponding to S. calvus / pUWL-bldA or S. calvus att:: [bldA, aac(3) IV] were grown in TSB with apramycin. Aliquots (1.5 mL) of these cultures were stored at -80°C in the presence of 25% sucrose.
Sequencing of the bldA gene of sporulating variants of S. calvus
Sporulating variants of S. calvus were grown tryptic soy broth and genomic DNA isolated using the salting out method (Kieser et al., 2000) . The bldA gene was PCR amplified from the genomic DNA using Herculase II Fusion DNA polymerase (Agilent Technologies, USA) and the primers 5'-GGCGAGTTCCAGATGCTGAT-3' and 5'-GATGATGCCGACGGTGGTTC-3' according to the manufacturer's instructions. The 514 bp PCR product containing the bldA sequence was purified using the QIAquick PCR clean up-kit (Qiagen) and sequenced in both directions using the primers above.
UPLC-DAD-MS analysis of extracts from S. calvus variants
Four day old SG cultures (28°C, 180 rpm) of S. calvus wild type, S. calvus att:: [bldA, aac(3) IV] and sporulating variants of S. calvus were extracted with ethyl acetate as described in the main text. Chromatographic analysis was performed on a Waters Acquity UPLC-MS system equipped with a diode array detector. Samples were resolved on a Waters Acquity UPLC BEH C18 column (2.1 x 50 mm, 1.7 µm) using a linear gradient comprised of 99.5% H 2 O, 0.5% acetic acid to 100% acetonitrile, 0.5% acetic acid over 7 minutes (0.4 mL min-1). UV spectra of the eluent were acquired from 190 to 600 nm on the diode array detector. Mass spectra of the eluent were collected in negative ion mode using the following settings: source temp. (150°C), desolvation temp. (450°C), desolvation gas flow rate (800 L hr -1 ), cone gas flow rate (50 L hr -1 ), capillary voltage (3 kV), cone voltage ramp (20 V to 70 V), mass range (100 to 1200 m/z), extractor voltage (3 V). Data was processed with MassLynx 4.1.
Assignment of the structure of 4-Z-annimycin (1)
Signals for 7 alkene hydrogens were observed in the 1 H-NMR spectrum of 1 (δ 6.55, 6.40, 6.27, 6.12, 6 .07, 5.80, and 5.37 ppm). As the distinct absorbance spectrum of 1 exhibited λ max values consistent with a conjugated tetraene (295, 307, and 321 nm) (Norman et al., 1972) , this meant that one of the alkene carbons was quaternary. Indeed, COSY and HSQC spectra revealed the alkene 1 H-NMR signals to be associated with two separate spin systems, with carbons 4, 5, 6, and 7 (δ 132.0, 131.9, 123.1, and 140.9 ppm respectively) contributing to one system, and carbons 9, 10, and 11 (δ 134.0, 127.1, and 139.2 ppm) contributing to the second (Fig. 3) . The 13 C-NMR signal for the quaternary carbon 8a is observed as a low intensity signal immediately downfield of carbon 9 at δ 134.2 ppm. Although the similar 13 C-NMR chemical shifts for 8a and 9 creates some ambiguity in the assignment of individual HMBC correlations, a strong cross-peak observed with H6 would be consistent with a 3 bond correlation with 8a. A weaker 3-bond correlation is also observed between 8a and H10. The doublets observed for H7 (δ 6.27 ppm) and H9 (δ 6.07 ppm) in the 1 H-NMR spectrum suggested that the corresponding carbons flanked carbon 8a. This was confirmed by clear 3-bond HMBC correlations between H7 and C9 as well as H9 and C7 (Fig. 3) . The substituent on 8a was attributed to a methyl group 8b with a 1 H-NMR signal appearing as a singlet at 1.86 ppm. This was confirmed by 3-bond HMBC correlations between the 8b methyl protons and C7 and C9 (Fig. 3) . The stereochemistry of the double bond connecting C4 and C5 was assigned as Z based on the J≈ 10.5 Hz coupling constant observed for H4 and H5 (Table 1 ). The double bonds for C6 / C7 and C10 / C11 were assigned as E based on values of J ≈ 15.2 Hz observed for H6 / H7 and H10 / H11 (Table 1) . Finally, the double bond between quaternary C8a and tertiary C9 was assigned as E based on the strong ROESY signals observed between the methyl protons of 8b and H10, whereas a weaker signal was observed with H7 and virtually no signal was observed to H9 (Fig. 3) .
With the structure of the tetraene established, the remaining signals of the two spin systems could be assigned. COSY and HSQC spectra indicated that C4 was connected to a carbinol C3 with 1 H-and 13 C-NMR signals of δ 5.04 and 66.0 ppm, respectively. C3 is clearly stereogenic as the C2 methylene protons (H2a and H2b) have distinct 1 H-NMR signals of δ 2.66 and 2.52 ppm, reflecting diastereotopic environments. The downfield 13 C-NMR chemical shift value of δ 44.1 ppm for C2 suggested the presence of an electrophilic carbon C1. As the 13 C-NMR spectrum of 1 exhibits a signal at δ 173.3 ppm, this electrophilic carbon was attributed to an ester, amide, or carboxylic acid group. The connectivity was confirmed by strong 2-bond HMBC correlations between C1 and H2a and H2b, as well as a weak 3-bond correlation to H3 (Fig. 3) . From C11 of the tetraene, COSY signals revealed connectivity to a methylene C12 ( 1 H and 13 C NMR signals of δ 2.16 and 27.2 ppm, respectively) followed by a terminal methyl group C13 ( 1 H and 13 C NMR signals of δ 1.02 and 14.1 ppm, respectively).
One unusual signal remained unaccounted for in the 13 C-NMR spectrum of 1. A broadened peak appears at δ 29.7 ppm (Supplemental Fig. S2 ), which according to the HSQC spectrum corresponds to a pair of methylene groups appearing as a singlet at δ 2.48 ppm in the 1 H-NMR spectrum. The broadened peak shape in the 13 C-NMR spectrum suggests the presence of equilibrium exchange, whereas the 1 H-NMR singlet indicates that the two equilibrated structures of the functional group are identical. A group that fits such behaviour is the enol tautomer of 2-amino-3-hydroxycyclopent-2-enone (referred to as C 5 N), which would be connected to annimycin through an amide bond to C1. The 1 H-and 13 C-NMR chemical shifts for C3' / C4' of 1 correspond very well to those reported for C 5 N group of ECO-02301 (McAlpine et al., 2005) and Sch725424 (Yang et al., 2005) . Tautomeric exchange of the double bond from C1' / C2' to C1' / C5' would create different local environments for C3' and C4' and thus lead to the broadened signal in the 13 C-NMR spectrum. A 13 C-NMR signal for C1' is also observed at δ 116.0 ppm, a value essentially identical to that reported for asukamycin and Sch725424 (Yang et al., 2005) . The expected 3-bond HMBC correlations between C1' and H3' / H4' as well as 2-bond correlations between H3' and C4' are also observed (Fig. 3) . However, 13 C-NMR signals for C2' and C5' are absent, likely due to reduction of the intensity of these resonances from the tautomeric equilibrium. The absence of certain signals for the C 5 N group as a result of tautomeric exchange has been noted by others (McAlpine et al., 2005) . Finally, the molecular ion observed by high-resolution ESI-MS in negative ion mode is consistent with the molecular formula of 1 (C 19 H 25 
Identification of the annimycin biosynthetic gene cluster
Putative Type 1 polyketide synthase genes were identified by analysis of all the contigs comprising the S. calvus genome using the web-based program antiSMASH (McAlpine et al., 2005; Medema et al., 2011) . Contigs 2782 and 3100 appeared to contain the modules necessary for the biosynthesis of 1. A PCR reaction was performed to amplify the sequence comprising the gap between these two contigs. The forward primer 5'-TGCCCACCTACCCTTTCCAG-3' was designed to anneal 873 bp from the predicted 3'-end of contig 2782, whereas the reverse primer 5'-TCACGGGTCACGAAGACCAG-3' was designed to anneal 95 bp from the predicted 5'-end of contig 3100. The PCR reaction was comprised of 0.1 mMdNTP's, 5% DMSO, 10 µM of each primer, 1 × Pfu turbo buffer, and deionized water in a total volume of 49 µL. A toothpick was used to transfer a small amount of S. calvus att:: [bldA, aac(3) IV] mycelium from a MS-agar plate to the reaction tube to provide a source of template. The reaction was initiated by addition of 1 µL of Pfu turbo polymerase after the reaction solution had equilibrated at 98°C for 3 min (i.e.: 'hot-start'). The reaction was cycled as follows: 98°C for 5 min; 35 cycles of 98°C for 30 sec, 58°C for 30 sec and 72°C for 4 min; then a final extension step of 72°C for 8 min. The PCR product was purified by gel extraction (Qiagen) and sequenced directly using the primers above. The DNA sequences comprised by contig 3100, contig 2782, and the PCR product were combined and analyzed for open reading frames using Artemis (Carver et al., 2012; Yang et al., 2005) . Open reading frames encoding the PKS were analyzed using antiSMASH to identify the individual domains as well as to predict the acyltransferase substrate specificities.
Disruption of the annimycin cluster
In order to disrupt the putative PKS I gene ann5 observed in contig 3100, a 1925 bp fragment was amplified from the genomic DNA of S. calvus att:: [bldA, aac(3) IV] with primers node3100for (5'-GAAACACCGTTCACGGCACTGGGCTTC-3') and node3100rev (5'-AACATCACATCCCGCAGCGAGTGCTCC -3'). Using naturally occurring EcoRI restriction sites, a 1836 bp fragment, referred to as del3100, was excised from the PCR product and ligated into the EcoRI restriction site of pUC19 yielding pUC19_del3100. A spectinomycin resistance cassette (aadA) was removed from pLERE-Spec-oriT with SpeI / NheI and cloned into the XbaI site of pUC19_del3100, which resulted in the inactivation construct pUC19_del3100_Spec. E. coli ET12567 / pUZ8002 transformed with pUC19_del3100_Spec was used to transfer pUC19_del3100_Spec into S. calvus att:: [bldA, aac(3) IV] by intergeneric conjugation according to the above protocol. Exconjugants corresponding to S. calvus att:: [bldA, aac(3) IV], ann5::aadA were selected on MS plates containing apramycin and spectinomycin. The correct integration into the chromosome was verified via PCR on genomic DNA of the exconjugants using S. calvus att:: [bldA, aac(3) IV] as a control (summarized in Fig. 7) . The sequences of the primers used in this analysis are as follows: primer 1: 5'-GAATCGTTCGTGCTCGAAGGGATAGG-3', primer 2: 5'-GTCATGTACCAGGACTACGGCTACTC-3', primer 3: 5'-GACACCGGCATGCAGATGTTCGAC-3', primer 4:5'-GTCGATCGTGGCTGGCTCGAAGATAC-3'. The PCR reaction mixture (50 µL) contained DMSO (10 % v/v), Taq-reaction buffer (1 x), dNTPs (200 µM each), primers (200 nM each) and Taq DNApolymerase (0,5 µL, 1 U/µL). The reaction was heated to 94°C for 5:00 min and then cycled 25 times as follows: 94°C for 1:00 min, 52°C for 1:00 min and 72°C for 4:00 min, after the final cycle the mixture was heated to 72°C for another 7:00 min. The PCR products were resolved by agarose gel electrophoresis (0.7% w/v agarose) and visualized by fluorescence with ethidium bromide. For investigating the effect of the gene inactivation the S. calvus att:: [bldA, aac(3) IV]mutants were grown for seven days in patent medium supplemented with spectinomycin. The medium was extracted with ethyl acetate and analyzed by LC-MS as described in the main text.
